Abstract We present the activities carried out to calibrate and characterise the performance of the elements of attitude control and measurement on board the Herschel spacecraft. The main calibration parameters and the evolution of the indicators of the pointing performance are described, from the initial values derived from the observations carried out in the performance verification phase to those attained in the last year and half of mission, an absolute pointing error around or even below 1 arcsec, a spatial relative pointing error of some 1 arcsec and a pointing stability below 0.2 arsec. The actions carried out at the ground segment to improve the spacecraft pointing measurements are outlined. On-going and future developments towards a final refinement of the Herschel astrometry are also summarised. A brief description of the different components of the attitude control and measurement system (both in the space and in the ground segments) is also given for reference. We stress the importance of the cooperation between the different actors (scientists, flight dynamics and systems engineers, attitude control and measurement hardware designers, star-tracker manufacturers, etc.) to attain the final level of performance.
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The pointing calibration tasks were aimed, on the one hand, to provide an accurate alignment of the different fields of view of each instrument and instrument mode described above with respect to the telescope and the S/C attitude reference frame, and on the other, to characterise the performance of the various pointing modes. This paper describes these activities and is structured as follows: in Section 2, we discuss the basic elements of the Attitude Control and Measurement System (ACMS) and the route of telemetry (TM) data from the spacecraft to the Herschel Science Centre (HSC) at the European Space Astronomy Centre (ESAC). Section 3 is devoted to the pointing-related products generated at the HSC: the pointing product, the ACMS TM product and the Spacecraft/Instrument Alignment Matrices (SIAM) product. Section 4 deals with the main calibration parameters of the Herschel spacecraft pointing system and historical description of the evolution of the indicators of its performance, that in general met or surpassed the requirements set. However, given a clear scientific motivation for further improvement (see Section 4) , an outstanding effort has been done and is still being invested: in Section 5, the work carried out within the ground segment centres to improve the S/C pointing measurements is described. On-going and future developments towards a final refinement of the Herschel astrometry are also described.
Basic elements and operation of the ACMS
The control of the positioning of the Herschel spacecraft (S/C) was carried out by its Attitude Control and Measurement System (ACMS). The main components were [1]: (i) the attitude control computer (ACC); (ii) gyroscopes (GYR; four units); (iii) star trackers (STR): two units, with boresights approximately opposite to that of the telescope; (iv) the assembly of four reaction wheels (RWA) to perform pointing manoeuvres; (v) the Reaction control system (RCS), i.e. the set of thrusters used for orbit manoeuvres and reaction wheel biasing; (vi) the sun acquisition sensors (SAS); (vii) the coarse rate sensors (CRS); and (viii) the attitude anomaly detectors (AAD). The different elements of the ACMS are depicted in Fig. 2 and described in [1] .
The star trackers (STR) were small telescopes with CCD detectors whose main function was the determination of the S/C attitude. The Herschel S/C had two (cold) redundant autonomous units built by Selex Galileo S.p.A. [2] . The STR telescope had a focal length of 30 mm and an f/number of 1.2, yielding a large FoV of 16.4 × 16.4 deg 2 . The CCD detector used was the Atmel TH78900, with 512 × 512 pixels of 17 µm. The plate scale was therefore 116.9 arcsec/pixel (the CCD area is slightly larger than the FoV). The Herschel STRs had the ability to determine the inertial position from a "lost in space" situation, or tracking from a known attitude. To this end, an on-board star catalogue, based on Hipparcos, was used. The criteria applied to build this catalogue included a specific range of brightness, a B-V colour threshold, a low variability tolerance, reduced proper motion and absence of close companions or neighbours [6] . The on-board catalogue contained 3599 stars, [17] ). The individual elements depicted and their acronyms are described in the text.
out of which originally 3047 (85%, but cf. Section 4.5) were enabled for tracking purposes. A minimum of 3 stars should be acquired within the FoV. Due to hardware limitations, a maximum of 9 stars could be simultaneously used for attitude determination. Nevertheless, there was an enhanced performance mode called "interlacing function", only applicable if ≥ 15 trackable stars were located within the FoV. In this mode, the STR determined the attitude using two different sets of stars from two consecutive frames, (i.e. each set of stars were sampled at half the nominal 4 Hz sampling frequency). In this way, up to 18 stars could be used for attitude determination. Due to the large weight of the STR measures in the attitude estimation, the highly undersampled STR FoV was the largest contributor to the absolute pointing error (APE). On top of that, the position-dependent STR bias was caused by flat-fielding effects and optical distortions. On average, the contribution to the APE was 0.8 × √ 2 arcsec.
The mounting of the STRs with respect to the S/C and telescope viewing direction is shown in Fig. 3 
(left). Note that the STRs pointed approximately at 180
• w.r.t. the telescope boresight (+X SCA ; see definition in Section 3 below). Both STRs were mounted on a carbon fibre platform suspended by struts from the lower dome of the cryostat vacuum vessel (CVV) as shown in Fig. 3 (right) . The struts were partly made of glass fibre, to minimise the conducted heat input to the CVV, and partly of carbon fibre, to minimise the thermoelastic distortions [9] .
Herschel Pointing Calibration
Plan -Calibration Plan for Commissioning and PV Phases most important frames for system calibration and ACMS control is the frame tracker measurement is provided. This one is called Boresight Reference F). The Star Tracker attitude is measured as a quaternion representative of the tation within J2000. rame is defined as: origin is the centre of the detector array, x-axis is the direction of an incoming collimated light ray that gives a asured position at the centre of the detector (origin of BRF), y-axis is located in the plane perpendicular to x-axis and is nominally parallel detector rows, z-axis completes a right handed system instrument LoS to avoid the coupling of the worse STR ALoS performance. Since it is unfeasible to place the STR parallel to the telescope, the STR is oriented 180 deg away from the instruments LoS and placed in the center of the service module (SVM). This is illustrated in Figure 5 .
STR-dependent
The final contribution to the STR error budget is the accuracy of the STR datation. The timing accuracy of the STR data with respect to the CDMU synchronization pulse is 160 us, and is random.
Thermo-elastic Stability of the Structure
In order to minimize the thermo-elastic path from the STR to the FPU, the star trackers are mounted on a carbon fibre (CFRP) platform that is suspended by struts from the lower dome of the cryostat vacuum vessel (CVV). The struts are partly made of glass fibre (GFRP), to minimise the conducted heat input to the CVV, and partly of carbon fibre (CFRP), to minimise the thermo elastic distortions. An illustrative sketch of this is shown in Figure 5 . The structural path between the CVV lower dome and the instrument focal plane assemblies is very stable thanks to small thermal variations of the CVV over time. For Only one STR could be operative at a given time, the other unit kept as backup. The possibility of using both STRs simultaneously to ease the calibration of their mutual misalignment was ruled out due to the alteration of the pointing due thermoelastic distortion caused by the excessive heat dissipated.
The Herschel S/C used hemispherical resonating gyroscopes. These consist of a thin-walled quartz shell that is energized by an electrical field to produce a vibration pattern within itself. The gyroscopes were used to sense and respond to changes in the inertial orientation of its spin axis. Rate/rate-integrating gyroscopes provided high-precision measures of the S/C angular speed. The Herschel's ACMS was provided with four gyroscopes mounted in a tetrahedral configuration. The four gyroscopes were hot-redundant. The fourth gyroscope was not used for control, but served to detect an inconsistency in the output of the other three.
Estimates of the satellite attitude quaternion 1 and inertial rate vector were obtained combining data from GYR and STR. The estimator was based on a "model replacement approach" in which a dynamical model for the evolution of the quaternion states was replaced by integration of the kinematics equations of motion, driven by angular rate measurements from the gyro. In the nominal estimator the state (attitude quaternion, rate estimate and GYR bias) was propagated from the previous estimate using the gyro data. This was then combined with the latest STR measurement to obtain an updated state estimate which was subsequently used for control. The main reason for the inclusion of GYR data in the model is that the STR measurements were delayed by 1.5 cycles due to integration and internal processing. Finally, the actuation was performed by means of the RWA.
The attitude information derived by the ACMS was down-linked at a rate of 4 Hz 2 when the S/C is in normal science mode (SCM) operation. The telemetry (TM) was processed at the Mission Operations Centre (MOC). The Flight Dynamics Team produced the so-called "attitude history file" (AHF) per operations day (OD) basis. The AHF packed the ACMS SCM TM generated at 4 Hz for slew, point and line scan operations. It was an ASCII-formatted file that included the on-board time, commanded attitude, ACMS-processed attitude (the so-called filtered attitude), three-axes X, Y and Z calibrated angular rates, S/C solar aspect angle (SAA), measurement quality flags etc. The AHF was transferred automatically to the HSC within 8 hours of the end of the OD. It triggered the start of the processing of auxiliary products (e.g. housekeeping telemetry, radiation monitory data, orbit data, etc.) at the HSC.
Pointing products created at the HSC
The information produced by the ACMS was processed (and is still re-processed) by the HSC and stored in "products". These data structures can be accessed from the observation context (a sort of container of the scientific and housekeeping data belonging to a given observation). The pointing-related products belong to the "auxiliary products" category. Three classes have been defined: pointing product, ACMS TM product and spacecraft/instrument alignment matrices' (SIAM) product.
The pointing product is the most important of these data structures. It packs the information contained in the AHF, combined with up-link information from the planned observation sequence (POS) file. The pointing product consists of sequences of table data sets (analogous to FITS binary tables) including: on-board time, commanded attitude quaternion, different estimates of the attained attitude quaternion, attitude error estimates, number of tracked stars, etc. It is produced per OD, but sliced per observation. The detailed contents of the product can be found in Table 11 .
The ACMS TM product contains all the relevant information required to re-estimate the S/C attitude from scratch. Sliced per observation, uses essential TM, SCM TM and diagnostics TM. It includes many ACMS database parameters as metadata entries (analogous to the FITS header's keywords). Product's data records include estimated attitude quaternion, STR quaternion, calibrated gyro rates, IDs, positions, magnitudes and colours of tracked stars, GYR calibration parameters etc.
The spacecraft/instrument alignment matrices (SIAM) product contains 3 × 3 proper orthogonal rotation matrices DCM IN S−ACA converting the coordinates of a vector in the Herschel spacecraft reference frame (spacecraft control axes, SCA; also known as attitude control axes, ACA) into a given instrument reference frame (INS), i.e.:
The product contains one rotation matrix per instrument (see a brief description of the instruments in Section in 1), i.e. 2 matrices for PACS (one for the photometer aperture and one for the spectrometer one), 56 matrices for HIFI (the apertures are defined for the 7 bands, 2 sub-bands per band, 2 polarisations and 2 chopper positions) and 75 matrices for SPIRE (the SPIRE apertures are defined at pixel level, 17 for the photometer and 57 for the spectrometer, plus an additional aperture for the so-called SPIRE/PACS parallel mode; this aperture is placed in the midpoint between the PACS and SPIRE photometers, approximately in the centre of the telescope FoV. In normal scientific operation, only the central photometer and spectrometer apertures, plus the parallel mode one, are used). The alignment matrices were determined by means of dedicated calibration observations, mainly during performance verification phase (see Section 4). For astrometrical purposes, there are two valid SIAM files across the whole mission: 0122 0001 (OD < 320) and 0341 0001(OD ≥ 320). This is due to the change in the STR CCD reference temperature that took place in OD320 and will be thoroughly explained in the next section.
4 Main pointing calibration parameters and evolution of the pointing performance
The main pointing calibration activities were carried out during commissioning (CoP; some 60 ODs) and performance verification (PVP; approximately 90 ODs) phases using the scientific instruments. These calibrations were aimed, on the one hand, to accurately determine the location of the different instrument apertures (i.e. computation of the SIAMs), and on the other hand, to derive the main figures of merit characterising the pointing performance. These are according to [8] the Absolute Pointing Error (APE), defined as the angular separation between the desired direction and the instantaneous actual direction; the Pointing Drift Error (PDE), defined as the angular separation between the average pointing direction over some interval (nominally 55 min) and a similar average at a later time (nominally after 24 hours), is a measure of the long-term stability of the S/C pointing, while the Relative Pointing Error (RPE, also referred to as pointing stability) is the angular separation between the instantaneous pointing direction and the short-time average pointing direction at a given time period (fixed at 60 s); finally, the Spatial Relative Pointing Error (SRPE) is defined as the angular separation between the average orientation of the satellite fixed axis and a pointing reference axis which is defined relative to an initial reference direction: this measurement is important to characterise the accuracy of the relative astrometry in a map comprising several pointings (e.g. a raster or scan map).
The pointing error specifications are expressed as half-cone angles of the line-of-sight (LoS) and half-sector angles around the LoS. They are specified at a temporal probability level of 68%, which implies that the error will be less than the requirement for 68% of the time for each pointing direction. For Herschel, it was required that the APE in stare pointings was 3.7 arcsec (LoS) and 3.0 arcmin (around LoS). The PDE requirement (measured within a 24 h period) is 1.20 arcsec (LoS) and 3.0 arcmin (around LoS). The RPE requirement (for a period of 60 s) is 0.30 arcsec (LoS) and 1.5 arcmin (around LoS). Finally, regarding the spatial relative pointing accuracy, it was required that, in consecutive pointings within a 4
• × 4
• spherical area, the SRPE of all pointings following the initial pointing, as referred to the average pointing direction of the first pointing shall be less than 1 arcsec (LoS). Table 1 summarises the initial requirements for the main pointing figures of merit as given in the early mission definition phase and their predicted performance from pre-launch testing campaigns. It was anticipated a non-compliance of the SRPE (2.24 arcsec predicted vs. 1.0 arcsec required) but the rest of the requirements were clearly met or exceeded. As will be shown below, the in-orbit performance of the Herschel S/C confirmed these predictions. However, beyond the early defined requirements shown in Table 1 (issued when the final characteristics of the instruments were only barely known), and given Herschel instruments' beams as small as 5 arcsec FWHM at the shortest wavelengths, there was a clear scientific motivation for further improvement, for better centring of spectroscopic observations on source, as well as for better a posteriori reconstruction of the actual pointing in imaging and spectroscopy. The SIAM matrices were initially defined by means of accurate measurements performed on-ground during the assembly, integration and verification phase (AIV). In flight, new SIAMs were derived by planning and executing dedicated calibration observations with the PACS, SPIRE and HIFI instru-ments, as described in [17] and [25] . The first calibration (serving as reference for the initial bulk shift of all instruments' apertures with respect to the original SIAM set used at launch time), the alignment of the PACS photometer aperture, and almost all measurements of the pointing performance were carried out with the PACS photometer point-source mode and the "blue" camera with the 70 mum filter (the shortest photometric wavelength) since this configuration gave the best spatial resolution. A thorough description of the PACS chopped point-source photometry observing mode is given in [20] . A catalogue of several hundred stars with strong, purely photospheric FIR flux densities compiled by the PACS Instrument Control Centre (ICC) [19] was used, in order to ensure that their FIR emission was as compact as possible (i.e. no dust shells). The observations were processed using dedicated scripts within the Herschel Interactive Processing Environment (HIPE; [21] ). The sky positions of the centroids of the target stars within the 70 µm PACS photometer maps, derived from the Herschel astrometry were compared with the catalogue positions (either Hipparcos or 2MASS). This was done for relatively large sets of targets (typically more than 40) in order to obtain distributions of offsets along the Y and Z axes. These were generally very well fitted by Gaussian distributions. The (Y, Z) average offsets were used to derive the alignment matrices, while the standard deviations of the distributions were used to derive a proxy, APE † ≡ σ 2 Y + σ 2 Z , for the absolute pointing accuracy that would be achieved with the alignments corrected 3 . The original set of matrices obtained from PVP observations were derived with a STR CCD reference temperature of 20
• C. In OD 320, the reference temperature was lowered to -10
• C in order to reduce the number of "warm" STR CCD pixels (see below). As a result, a bulk shift of all instruments' apertures occurred and a new SIAM set was computed accordingly. This new collection of matrices was used throughout the rest of the S/C operations.
The main figures of merit, namely APE, SRPE and RPE were derived from PACS photometer PVP observations (see Section 4.1) 4 . The pointing drift dependency on the Solar Aspect Angle (SAA; angle from the S/C boresight X axis to the Sun vector) was also assessed (and estimated to be significant only for SAA ≥ 110
• ). In Routine Science Phase (RSP), a new pointing calibration plan was designed [24] ; its goal was twofold: on the one hand, to provide a periodic verification of the pointing calibration (alignment matrices), and on the other, to detect potential variations of the pointing performance. More than onethousand pointing calibrations have been performed during RSP. The PACS Photometer in point-source mode (with dithering) and the "blue camera" with the 70 µm filter was preferentially used. But some scan map observations were included as well (PACS Photometer mini-map mode). The pointing performance was found to be similar to that obtained in point-source mode (see below). Also, an accurate calibration of the relative misalignment of the two STR units (prime and backup) was performed in OD732 (44 calibration observations were planned and executed with the backup STR unit configured as operational. In this way, not only the misalignment of both STRs but also the pointing accuracy achievable with the backup unit was estimated). Since the accessible area of the sky was restricted during the daily telecommunications period (DTCP), RSP pointing calibration observations compatible with the DTCP restriction were generally selected. This optimised the scientific return by not blocking with these calibration measurements observing time outside the DTCP with much more flexible pointing constraints (and therefore more suitable for general scientific observations). However, the drawback of this strategy was that position-dependent effects could not be detected at earlier stages (See Section 4.2 below).
One of the main pointing issues found early in the mission was the existence of the so-called "speed bumps", namely events of departure from the nominal attitude observed in scan maps, easily recognizable in the S/C velocity norm profile as local maxima ("bumps"). The cause of these anomalies was traced by the ACMS manufactures to the existence of a growing number of high-signal or "warm" pixels in the STR CCD. This problem was corrected by lowering the reference temperature of the STR CCD to -10
• C in OD320. Unfortunately, a side effect of this action was an important increment of STR plate scale errors 5 (equivalent to unequal focal length corrections in the Y and Z axes), introduced by the STR CCD temperature change. These errors produced systematic, orientation-dependent offsets. The problem was partially corrected by applying a one-dimensional STR focal plane correction that took place in OD762 (this was implemented by modifying the nominal on-board focal length value of the STR, f 0 . This is equivalent to assume identical focal length corrections in both axes, i.e. ∆f Y = ∆f Z ). The final on-board performance was greatly improved thanks to three major developments, implemented step by step:
1. In a first step (tested in OD858 and used from OD866 to OD1010), a linear two-dimensional STR correction (i.e. ∆f Y = ∆f Z ) was uploaded, boosting the pointing performance to APE † 1.0 -1.1 arcsec. 2. In a second step (since OD1011), the full STR focal plane distortion correction (8 polynomial coefficients per axis), computed in parallel by the PACS ICC and the ESA/Flight Dynamics Systems (FDS) team at the MOC was uploaded, producing a further improvement in the performance, APE † 0.8 -0.9 arcsec. 3. In a third step (since OD1032), several "dubious" stars (see Section 4.5) were removed from the on-board STR tracking catalogue, yielding the final 5 Minor STR plate scale errors were present in the early phases of the mission. The result of the CCD reference temperature lowering was a substantial increase of the effect. The attitude measurements have been improved by applying corrections in the ground processing. See Table 10 and Section 5.1.
APE
† figure rather homogenous in the sky, provided that enough tracking stars were available and that "cold" S/C attitude conditions applied 6 .
In the following subsections, the evolution of the pointing performance is detailed.
Pointing performance from launch to OD320
The most representative APE † estimate was derived using PACS photometer point source observations during the PVP. A large set of observations (approximately 250) in six ODs (38, 64, 86, 92, 101 & 104) were used to derive the PACS photometer aperture position (named P01 0) and also the absolute pointing performance figure. In addition, a large pointing campaign was implemented in OD274 to determine the pointing performance depending on the STR interlacing (il; see Section 2) mode: il-disabled, up to 9 stars tracked at a time, and il-enabled, from 15 to 18 stars sampled alternatively in two "planes". The results are summarized in Table 2 . The APE † was measured to be between 1.9 and 2.2 arcsec depending on the enabling of interlacing. [20] . These average offsets were used to compute the SIAM of the PACS photometer P01 0 aperture and therefore not considered for pointing error computation purposes. 4.2 Pointing performance from OD320 to OD762
As mentioned above, the event marking the onset of this long period is the lowering of the STR CCD reference temperature from 20 to -10 • C that corrected the "speed bumps" problem at the price of increasing the STR plate scale errors that produced systematic but boresight-dependent offsets. Shortly after the STR CCD temperature adjustment (OD385) the first routine pointing calibration observations were executed. The plate scale errors translated into variations of the dispersion of the distribution of pointing calibration observations; nevertheless, this was not clearly and immediately reflected in the statistical results obtained from the pointing calibration campaigns: while in cycles 7 15-22, the APE † was consistent with PVP results, an outstanding increase was observed in cycles 23-31 and a decrease thereafter, as summarized in Table 3 . The investigation revealed that the effect was very small when the distribution of tracked stars was uniform across the STR FoV, but large, sometimes as much as ∼ 8 arcsec when the distribution of guide stars was asymmetric (see a detailed explanation in Sect. 2.4.2 of [27] . This explains the different behaviour of the dispersion of measurements depending on the considered period, since, as explained above, the RSP pointing calibration observations were preferentially performed in the relatively small sky area compatible with the DTCP constraints. This sky patch changes and moves slowly across the sky and therefore varies usually little within the time frame of a cycle. Thus, the configuration of guide stars for all pointing observations obtained within a cycle are generally similar. An average of a large subset of observations in cycles 15-40 was performed (comprising nearly 200 observations). The results are shown in Table 4 . This is considered a representative value of the mean absolute accuracy achieved in this period. The largest outlier is at nearly 7 arcsec from the barycenter of the distribution, a value that is consistent with some extreme cases reported by observers. Incidentally, the plate scale errors affected mainly the prime STR (STR1), with a negligible effect in the backup unit (STR2) due to the initial detector position 8 . 4.3 Pointing performance from OD762 to OD866 (STR1 1D correction)
As explained above, a first on-board corrective action was performed in OD762, by up-loading a new nominal on-board focal length value of the STR (See Section 2.3.1 of [27] for details on the determination of the correction applied). The pointing performance was revisited in OD764 (42 pointing calibration observations), with very positive results, as shown in Table 4 .
Pointing performance from OD866 to OD1010 (STR1 2D correction)
The linear 2D correction (i.e. two separate, linear correction factors to the Y and Z axes; see Section 2.3.1 of [27] for details on the determination of the correction) is the main pointing improvement carried out during the S/C operation. It was tested in DTCP858. The first assessment done by FDS was very positive. The pointing performance was verified in OD858 by means of 43 pointing calibration observations, and the results pointed towards subarcsec accuracy; the change was made permanent in OD866. Subsequent checks pointed towards an APE † around 1.1 arcsec. (Table 4) 4.5 Pointing performance from OD1011 to the end of operations: full focal plane (FP) distortion correction
The full STR FP distortion correction (8 polynomial coefficients per axis) was computed by the FDS team at ESOC, based on the algorithm provided by the PACS ICC. In order to derive the final coefficients it was required to process raw data of guide stars for 20 consecutive ODs. This large volume of data was required to ensure that the parameter estimation was less sensitive to the non-calibratable biases in the measurements. Please refer to Section 2.3.1. of [27] for details on the procedures applied. This correction became operational in OD1011, producing a further improvement in the performance, APE † 0.8-0.9 arcsec. In a third step (since OD1032), a number (73) stars from the STR catalogue that were deemed by the PACS ICC (see [5, 10] ) as "dubious" due to positional uncertainties and/or high proper motions, affecting specific pointing directions, were removed from the tracking catalogue (the "tracking flag" was set to zero, and thus the stars can be used for acquisition but no longer for guiding), making the final figure (APE † 0.8-0.9 arcsec) rather homogeneous across the sky, assuming that a sufficient number of tracking stars are available. This value can be used as a proxy of the S/C absolute pointing accuracy during the last period of the mission operations' phase.. The pointing accuracy has nevertheless revealed quite sensitive to the SAA of the observations. Even moderately "warm" attitudes can produce an outstanding effect on the S/C pointing performance (see below).
Other pointing figures

Spatial relative pointing error (SRPE)
The relative pointing accuracy, as measured by the Spatial Relative Pointing Error (SRPE) has been only estimated for small raster maps (nodding observations with 52 arcsec throw). Nevertheless, even such a small size can yield representative SRPE results since the scale is larger than the usual STR bias stability range (∼ 10 arcsec). Only two estimates have been done at present:
-At PVP, it was measured for non-interlaced (baseline conditions) and interlaced (goal conditions) observations, yielding an estimate of 1.54 arcsec (baseline)/1.1 arcsec (goal) -In RSP, a further estimate was performed (M. Nielbock, PACS ICC) using 43 pointing calibration observations gathered in OD858 (i.e. when the STR1 2D correction was tested), yielding a result of 1.02 arcsec (mixed interlaced and non-interlaced observations).
Absolute pointing error in scan maps
The measurements of this figure have been performed using the PACS photometer in mini-map scan mode (two scan legs of 3 arcmin length, with 4 arcsec separation, at 70
• and/or 110 • tilt angle in instrument coordinates). Each scan direction was processed independently. The images were drizzled with a resolution of 0.1 pixel.
An early estimate was performed by means of 58 observations gathered between OD320 and OD762, so it is expected that the plate scale error effect has an impact on the results. Late measurements performed in cycles 64-71 (40 observations) confirmed that, after updating the on-board STR parameters with the full focal plane distortion correction, the Herschel scan map APE † had substantially improved; therefore, a figure of 0.9 arcsec can be considered as reference for such observations in the last period of the mission. These figures are on the other hand almost identical to those obtained using the PACS photometer point source mode, as shown in Table 5 . 
Relative pointing error (RPE)
The relative pointing error (RPE) has been measured during PVP, both for fixed and moving targets. It meets or is better than the requirement of 0.3 arcsec: RPE = 0.19 arcsec for α Boo and RPE = 0.29 arcsec for the asteroid 19 Fortuna.
Solar System Objects' Tracking Performance
As stated in Section 1, the Herschel S/C was able to point and track Solar System Objects (SSO). These targets were uniquely defined by specifying their Navigation and Ancillary Information Facility (NAIF) ID 9 used to retrieve the information required to determine the coordinates at the observation time and also to calculate the differential tracking rate required. The ephemeris information was extracted from the NASA Jet Propulsion Laboratory (JPL) Horizons system 10 . The ephemeris file for a given object contained the geometric states with respect to the Solar System Barycentre (SSB), with a sampling period of 45 minutes. The SSO files were requested to be SSB-centric in order to perform the light-time and aberration correction in the correct frame via an iterative Newtonian approximation. A Hermite interpolating polynomial was used to obtain the ephemeris between the samples. The Herschel Scientific Mission Planning System computed the spacecraft-centric geometric state combining the Horizons ephemerides, the Herschel orbit file and JPL DE405 planetary and lunar ephemerides 11 . Finally, offsets were applied as required for the pointing pattern and the resulting quaternions were converted to ACA coordinates using the SIAM. The raster or line-scan pointings were performed relative to the SSO tracking frame. The tracking coefficients eventually uplinked to the S/C were defined as third-order Chebyshev polynomials describing the update quaternion as a function of time.
The SSO tracking performace was validated on two asteroids (a Jovian satellite was also foreseen, but eventually not executed) via PACS photometer observations executed during CoP and PVP [17, 15] . The dedicated analysis of the 70 µm (blue) channel data (chop-nod and scan-map observations) showed perfect point sources with point-spread function (PSF) structures very similar to the ones obtained from fixed targets, demonstrating the high quality of the tracking performance and fulfilling all pre-launch requirements on tracking of moving targets. These results are consistent with the RPE measurements for moving targets performed in PVP and outlined in Section 4.6.3. The measurements taken in the context of testing the tracking performance (as part of the PACS focal plane geometry programme) are summarised in Table 6 . In addition, tracked measurements on Mars, Neptune, Ceres, and Vesta have been used to characterise the PACS photometer PSF [16] Around 800 moving targets (asteroids, comets, satellites, trans-Neptunian objects) with pre-calculated ephemeris information were available within the Herschel Observation Planning Tool (HSpot) and additional targets or ephemeris updates could be requested via Helpdesk tickets.
A few high-profile science targets required significantly faster tracking exceeding the nominal maximum speed (10 arcsec/min): 103P/Hartley 2 had an apparent Herschel-centric speed of 30 arcsec/min and 45P/Honda-MrkosPajdusakova moved with about 36 arcsec/min during the Herschel observations. In both cases the differential tracking worked perfectly. There was only one near-Earth object which was too fast for Herschel's tracking capabilities: 2005 YU 55 moved with 2.8-3.8 deg/hour (168-228 arcsec/min) and crossed the entire visibility window in about 16 hours. In this case, the observations were executed by scanning a fixed pre-calculated field on the sky while the target was crossing this field [18] .
It is also worth noting the coordinate conventions in the final data products of tracked observations. The coordinates given in the final maps correspond to the Herschel-centric coordinates at the start time of the scientific measurement (the time connected to the first data frame taken; all subsequent data frames are then"stacked" onto this first frame), while the coordinates given in the product meta data are refering to the object's Herschel-centric coordinates at the mid time of the observation.
The impact of warm attitudes on the pointing accuracy
The first RSP measurements performed after OD1032 indicated an excellent behaviour of the pointing system, i.e. APE † 0.85 arcsec and 0.90 arcsec in point-source and mini-map modes, respectively. Nervetheless, a comprehensive study compiling virtually all the pointing calibration observations gathered from the major STR focal plane update (OD866; see Section 4.4) revealed a distribution with rather large outliers, and with a clear asymmetry towards Z (see Fig. 4 ). Moreover, a relatively large offset was present in the average Y, Z position (see Table 7 ). This indicated that an additional factor was affecting the S/C pointing. A thorough study of the evolution of the attitude offsets across the whole period was performed (see Fig. 5 ): while the Y axis showed no trend (just random dispersion around a zero offset), the Z axis exhibited a clear trend towards negative Z offsets, with two peaks separated by exactly one year. The offsets were apparently not associated to problems (e.g. incorrect astrometry) of the pointing targets themselves. Rather, the problem was traced to be related to the scheduling of long observations at negative beta (pitch) angles, corresponding to "warm" attitudes. As explained before, the term refers to attitudes where the STR supporting structures are subject to thermal distortions since they are not completely shaded from sunlight. In fact, in all but two cases of large astrometric Z offsets (larger than 2.5 arcsec), long periods (≥ 10 hr) at "warm" attitudes (-20
• ≤ β ≤ -10 • i.e. 110
• ≥ SAA ≥ 100 • ) took place two or less hours before the time of the pointing calibration observations. On the other hand, none of the correct (i.e. with reduced offset) observations investigated (randomly picked) were carried out in or after negative attitude periods. This indicated that the impact of relatively "mild" negative beta angles was larger than previously suspected. Therefore, scheduling restrictions in the range 110
• ≥ SAA ≥ 100
• were enforced until the end of the operational mission.
After removing several suspicious ODs (872, 911, 932, 969, 1172, 1216, 1236, 1251, 1265 & 1266) from the statistics, the results improve, yielding a APE † estimate of ≈ 1.1 arcsec, better aligned with previous results. One of the challenges in the pointing area is the correct parametrisation of the pointing offset dependence on the SAA. This is a complex issue, since the pointing offset depends not only on the SAA of an observation, but also on the previous values of SAA. Moreover, the time scales of the pointing drift are not properly known.
One specially designed study for the pointing drift at extreme SAAs was conducted on OD 105 (August 26, 2009) within the PVP. The target HIP 117591 was observed at a SAA of 118.9 degrees. The S/C dwelled on this star for about 8.25 hours, and the centroids where monitored with the PACS photometer point-source mode observations at 70 µm. Immediately after this long staring observation (which was partitioned into three separate AORs of 2.75 hours, with their own initial target acquisition), short pointing observations were performed on a small list of stars with SAAs in the range [110,120] degrees. Finally, after around 12 hours total time of observations at these warm attitudes, the star HIP 72208 (being in the cold attitude with a SAA of 64.1 degrees) was acquired. A long staring observation for 8.25 hours, similar to the one for HIP 117591 was performed, to monitor the influence of the previous warm attitudes onto the pointing performance. We show the pointing results for the two long staring observations in Fig. 6 . Note that for these graphs, the previously mentioned improvements regarding the STR distortions and the revision of the STR input catalogue were not applied. The starting point in the HIP 117591 drift plot thus reflects the typical result for the pointing performance of an individual object in this early phase of the mission. The relative offsets dy and dz in arcseconds from the expected centre position are shown. Since for both stars, the measurements are separated into three parts, each having 60 chop/nod cycles, each graph contains the information of 180 elementary pointing measurements. The time evolution is indicated by a colour coding, going along the 8.25 hours per star from deep purple towards bright red. For HIP 117591, an evolution of the pointing offsets mainly in (negative) z-direction is clearly visible, an imprint of the warm attitude, which gets obvious after the first chunk of measurements, lasting for 2.75 hours. Also visible is the effect of re-pointing after 60 and 120 chop/nod cycles, which separates the offset values into three distinct clouds of points. The second graph, for HIP 72208, then demonstrates that after 12 hours at very warm attitudes, the relaxation to a normal pointing performance takes a long time. After the beginning of these observations at cold attitudes, the pointing offset in z-direction continues to increase further by roughly one arcsec, which might indicate a slight hysteresis effect in the thermal relaxation of the STR structures. Even after dwelling for 8.25 hours at this cold attitude, the pointing offset in z-direction did not improved much compared to the beginning of the measurement. This demonstrated that such extreme warm attitudes had to be avoided for normal S/C operations. It further showed that the temporal evolution of the pointing degradation, and an eventual relaxation to normal performance was a quite complex effect.
Improving the pointing performance
This section describes the efforts already implemented, currently on-going and future developments aimed towards optimising the a posteriori knowledge of the S/C pointing and therefore the accuracy of the astrometry in our products.
Implemented improvements
A simple offset correction software has been implemented at the HSC, applying the STR focal plane 2D linear correction (Section 2.4.1 of [27] ) to each attitude within the pointing product. In summary, the software logic applies the steps below: (c) For the trackable stars within the FoV, determine the direction vectors using the STR "focal length" linear correction factors provided by FDS. These linear factors are introduced in the following way: the direction vector of a star in the STR boresight frame can be expressed in the small angle approximation as:
Where y and z are the star's coordinates in the STR CCD frame, and f is the STR telescope's focal length. The linear "focal length" correction terms are introduced by replacing f by f + ∆f y and f + ∆f z in the Y and Z axes, respectively. Therefore, y/f gets replaced by (y/f )(1 − (∆f y /f ) + O((∆f y /f ) 2 )) and an identical expression for the Z axis. Then, the corrected star vectors can be approximated as: used on-board the STR (limited to a maximum of nine stars) (e) For the chosen stars, given the direction vectors and the inertial (reference) vectors, determine the best attitude using the q Method (see [28] and references therein) that provides a means for computing an optimal three-axis attitude from many vector observations. (f) Replace the filtered quaternion by the modified quaternion computed by the q Method.
The applied correction does not add noise to the attitude samples since it is a purely geometric one. When the correction factors are set to 1.0, the input attitude is exactly recovered (within ≈ 1.0 × 10 −10 arcsec). In the current implementation, the software has some limitations, namely: (i) STR interlacing is not considered (a single STR "plane", using up to nine stars is processed).
(ii) The stars' selection algorithm uses the same logic as the STR. But there is no check that the stars used within the script are the same as those actually used for tracking. In particular, if one of the 73 bad stars was used for tracking, it will be replaced by a different one by the correction software. (iii) The 2D linear correction is implemented, rather than the full one that includes eight polynomial terms per axis. The simple reconstruction algorithm described above has been thoroughly tested in different scenarios. In particular, the full set of pointing calibration observations performed in cycles 23 to 41, comprising 245 observations has been reprocessed using the improved pointing products. The results are shown in Fig. 7 and in Table 8 . These results can be compared with those shown in Table 4 . An outstanding example of the improvements achievable in some extreme cases is shown in Fig. 8 . At the time of writing this paper, this correction has been applied to all observations in the Herschel Science Archive (HSA) from OD320 to OD865 (in OD866 the STR1 2D correction was applied and this ground correction is therefore not required) and a correction has been recently implemented for the first period of the mission (before OD320) and and will be applied to the observations in the HSA in the next bulk reprocessing. A summary of the accuracies achieved with the attitude data as given by the S/C and after ground processing is given in Table 10 .
On-going developments and planned improvements
There are a number of on-going and planned developments to improve the a posteriori knowledge of the S/C pointing. A large effort has been done by the PACS ICC to improve the attitude measurements given by the STR, based not only on a full focal plane distortion correction but also taking into account the effects of the STR sub-pixel effects on the star centroiding caused by the pixel insensitive borders [11] . In addition, algorithms to propagate the attitude using the rate measurements given by the gyroscopes by means of the kinematic equation of motion (see for instance [28] , p. 511) have been developed and benefit from the improved STR measurements (better estimates of the gyroscopes' drift rate biases and more accurate absolute pointing directions). Several studies have indicated that the pointing jitter may be accurately reconstructed using gyroscopes' measurements alone [3, 4, 12, 27] . In addition, several corrections affecting specific observations or ODs are being incorporated into the standard pipeline processing (SPG version 12.x and later). These include corrections for switch-over events from the prime to the redundant STR (these introduce offsets of some 15 arcsec), corrections for resets of the S/C velocity vector (SVV) values used by the STR on-board software to compute the aberration correction of the coordinates of the guide stars (the lack of this correction can introduce offsets up to ≈ 20 arcsec) and ad-hoc corrections for pointing offsets (sometimes of several arcsec) induced by extreme "warm" attitudes.
Future developments being studied (to be implemented in the time frame 2014-2016) will likely include an attitude improvement software using batch least-squares estimators (these estimators update the state vector at a time using a block of observations taken during a fixed time span, as opposed to sequential estimators -e.g. Kalman filters-that update the state vector after each observation; see for instance [28] , pp. 448-459) and a general modelling of the pointing offset induced by thermo-elastic distortions within the S/C.
Summary and conclusions
The Herschel's pointing system has experienced a complex evolution across the operational life of the S/C. Tables 9 and 10 summarise the sequence of main events and the evolution of the pointing accuracy accross the operational life of the observatory. The PVP demonstrated that the procedures devised within the calibration plan [17] were adequate to accomplish the mission of calibrating the alignment of a set of FIR and sub-mm instruments w.r.t. the S/C platform, without the help of ancillary optical instruments (e.g. the Quadrant Star Sensor on-board the Infrared Space Observatory -ISO; [14] ). Moreover, the ACMS actual performance was found within the requirements and pre-flight predictions (only a non-compliance with the SRPE requirement was anticipated). Nevertheless, the reduction of the STR CCD reference temperature that was very successful to solve the "speed bumps" problem brought an unforeseen side-effect due to the plate scale changes within the STR. This new problem was hard to detect due to its dependence on the distribution of guide stars within the STR FoV, and highlights the importance of a continuous monitoring of the S/C pointing performance (preferentially with a wide sky coverage) to cope with changes in the ACMS behaviour. On the other hand, the pointing accuracy was found more sensitive than anticipated to attitudes where the STR supporting structures are subject to thermal distortions. This was also revealed thanks to large number of routine pointing calibration checks. In any case, it is worth stressing the fact that, even in the worst circumstances, the performance was within the requirements set (but for the SRPE as mentioned above). However, given a clear scientific motivation for further improvement an outstanding effort has been done and is still being invested in order to get the best from the attitude information. This collaborative effort is shared by different actors (at MOC, HSC, ICCs and industry) and reveals the high value of the communication and cooperation between different teams within the ground segment. Improved accuracy in specific areas of the sky 
